In bacteria, multiple σ factors compete to associate with the RNA polymerase (RNAP) core enzyme to form a holoenzyme that is required for promoter recognition. During transcription initiation RNAP remains associated with the upstream promoter DNA via sequence-specific interactions between the σ factor and the promoter DNA while moving downstream for RNA synthesis. As RNA polymerase repetitively adds nucleotides to the 3′-end of the RNA, a pyrophosphate ion is generated after each nucleotide incorporation. It is currently unknown how the release of pyrophosphate affects transcription. Here we report the crystal structures of E. coli transcription initiation complexes (TICs) containing the stressresponsive σ S factor, a de novo synthesized RNA oligonucleotide, and a complete transcription bubble (σ S -TIC) at about 3.9-Å resolution. The structures show the 3D topology of the σ S factor and how it recognizes the promoter DNA, including likely specific interactions with the template-strand residues of the −10 element. In addition, σ S -TIC structures display a highly stressed pretranslocated initiation complex that traps a pyrophosphate at the active site that remains closed. The position of the pyrophosphate and the unusual phosphodiester linkage between the two terminal RNA residues suggest an unfinished nucleotide-addition reaction that is likely at equilibrium between nucleotide addition and pyrophosphorolysis. Although these σ S -TIC crystals are enzymatically active, they are slow in nucleotide addition, as suggested by an NTP soaking experiment. Pyrophosphate release completes the nucleotide addition reaction and is associated with extensive conformational changes around the secondary channel but causes neither active site opening nor transcript translocation.
In bacteria, multiple σ factors compete to associate with the RNA polymerase (RNAP) core enzyme to form a holoenzyme that is required for promoter recognition. During transcription initiation RNAP remains associated with the upstream promoter DNA via sequence-specific interactions between the σ factor and the promoter DNA while moving downstream for RNA synthesis. As RNA polymerase repetitively adds nucleotides to the 3′-end of the RNA, a pyrophosphate ion is generated after each nucleotide incorporation. It is currently unknown how the release of pyrophosphate affects transcription. Here we report the crystal structures of E. coli transcription initiation complexes (TICs) containing the stressresponsive σ S factor, a de novo synthesized RNA oligonucleotide, and a complete transcription bubble (σ S -TIC) at about 3.9-Å resolution. The structures show the 3D topology of the σ S factor and how it recognizes the promoter DNA, including likely specific interactions with the template-strand residues of the −10 element. In addition, σ S -TIC structures display a highly stressed pretranslocated initiation complex that traps a pyrophosphate at the active site that remains closed. The position of the pyrophosphate and the unusual phosphodiester linkage between the two terminal RNA residues suggest an unfinished nucleotide-addition reaction that is likely at equilibrium between nucleotide addition and pyrophosphorolysis. Although these σ S -TIC crystals are enzymatically active, they are slow in nucleotide addition, as suggested by an NTP soaking experiment. Pyrophosphate release completes the nucleotide addition reaction and is associated with extensive conformational changes around the secondary channel but causes neither active site opening nor transcript translocation.
transcription initiation | RNA polymerase | σ S factor | promoter recognition | pyrophosphate release C ellular organisms transfer genetic information from DNA to RNA using multisubunit RNA polymerases (RNAPs) that are conserved from bacteria to humans (1, 2) . In bacteria, a single fivesubunit core enzyme of RNA polymerase (α 2 ββ′ω) is responsible for all RNA synthesis, whereas multiple σ factors compete to associate with the RNAP core enzyme to form a holoenzyme that is required for initiating the process at DNA promoter sites (3, 4) . RNAP remains associated with the upstream promoter DNA during transcription initiation and moves downstream for RNA synthesis, causing DNA scrunching to form a stressed and unstable initiation complex (5) (6) (7) (8) . Processive RNA synthesis happens only after the initiation complex escapes the promoter as transcription progresses from initiation to elongation (9) (10) (11) .
RNA synthesis in both transcription initiation and elongation involves repetitive cycles of nucleotide addition comprising translocation, NTP binding, catalysis, and pyrophosphate release steps. During this cycling process, the RNAP active site opens for NTP association and closes to align the incoming NTP with the RNA 3′ hydroxyl group for catalysis. Nucleotide addition extends the RNA by 1 nt and generates a pyrophosphate ion (PPi). Previous structural studies of transcription complexes frequently used DNA fragments that form a partial transcription bubble. Most of these complexes display an open active site in the posttranslocation state, and the active site-closed conformation has been observed only with NTP-bound precatalysis complexes in which the nucleotide addition reaction was prevented by using 3′-deoxy RNA or nonhydrolysable NTP analogs (Table S1) . A PPi-associated complex has never been observed previously in cellular RNAP structures. How release of PPi affects the opening of the RNAP active site and transcription translocation remains to be established.
In this work we determined the crystal structures of the E. coli transcription initiation complexes (TICs) containing the σ S factor, a de novo synthesized RNA oligonucleotide, and a complete transcription bubble (σ S -transcription initiation complexes, σ S -TICs). The σ S factor controls the expression of many genes in response to general stresses, such as nutrient deprivation upon entry into stationary phase. The structures show the specific interactions of the σ S factor with the promoter −10 element and provide insights into the mechanism of σ S -dependent selective gene expression under stress conditions. In addition, the σ S -TIC crystals display a pretranslocated initiation complex with a PPi associated at the active site that remains closed. The position of the PPi and the unusual phosphodiester linkage between the two terminal RNA residues suggest an unfinished nucleotide addition reaction that likely is at equilibrium between nucleotide addition and pyrophosphorolysis. The slow enzymatic activity of the σ S -TIC crystals allowed us to observe PPi dissociation without nucleotide addition in an NTPsoaking experiment. PPi release appears to be associated with extensive conformational changes around the secondary channel but causes neither active site opening nor transcript translocation.
Significance
As RNA polymerase (RNAP) translocates along the DNA template for repetitive nucleotide additions, its active site opens and closes for NTP association and catalysis, and a pyrophosphate ion (PPi) is generated after each nucleotide incorporation. Understanding the role of PPi release is important for elucidating the polymerase mechanism. The structures of the σ S -containing transcription initiation complexes (σ S -TICs) provide insights into the mechanism of σ S -dependent selective gene expression. In addition, the highly stressed σ S -TICs trap a PPi at the RNAP active site, a previously unobserved but catalytically relevant functional state. Our study also demonstrates that PPi release is not directly related to either translocation or active site opening but causes extensive conformational changes on the periphery of the RNAP secondary channel.
Results and Discussion
Overall Structure of the E. coli σ S -Based TIC. By using a synthetic DNA scaffold containing the promoter consensus −35 and −10 sequences, we assembled and crystallized the E. coli TIC that contains the general stress response σ S factor. The σ S -TIC crystals are enzymatically active for additional nucleotide incorporation. The structures were solved by molecular replacement, and the final models were refined to about 3.6-Å resolution ( Table 1 ). The σ S -TIC structures display a closed active site and a well-ordered nascent RNA-DNA hybrid in the pretranslocation register.
The σ S -TIC that initially crystallized contains a 14-nt bubble and an RNA tetranucleotide synthesized de novo from three NTPs and traps a PPi at the active site (Fig. 1) . Continuous electron densities are seen for both strands of the ssDNA in the bubble region (Fig. S1A) . Much of the nontemplate (NT) strand of the bubble that is downstream of the −10 hexamer could not be resolved unambiguously in the density map, suggesting a slippery feature of this DNA segment that displays limited interactions with the protein. The ssDNA residues on the template (T) strand are much better resolved, although residues in the middle of this section appear disordered. The upstream promoter DNA runs into the downstream DNA duplex of a symmetry-related molecule, causing strand separation and disordering of a significant portion of the upstream DNA (Fig. S1B ).
E. coli σ S Factor and σ S -RNAP Core Interactions. Like the primary σ factors, the E. coli σ S factor contains a highly negatively charged N-terminal domain (σ 1.1 ) that we have not been able to trace in the σ S -TIC structures. Other than a nonconserved region (NCR) that is commonly present in primary σ factors, σ S displays very high sequence identity with the primary σ factors (Fig. S2A) (10) . Consistent with their sequence similarity, the σ S factor in the σ S -TIC forms essentially the same fold as the σ 70 factor throughout the conserved regions, from region 1.2 to the very C terminus, including the long σ 3.2 loop that inserts deep into the RNAP active site chamber ( Fig. 2A) .
A major contribution to the σ-RNAP core association comes from interactions between the σ 2 domain and a helix-turn-helix formation, termed a "clamp helices," of the clamp domain of the β′ subunit. Compared with σ 70 , which displays strong affinity for the RNAP core enzyme (K d ∼0.26 nM), σ S binds relatively weakly to the RNAP core in the absence of nucleic acids (K d ∼4.26 nM) (12) . This weaker affinity of σ S might be attributed partly to its lack of an NCR domain that provides additional interactions with the clamp helices of the RNAP core enzyme (Fig. S2B ). Values in parentheses are for highest-resolution shell. Each dataset was collected from a single crystal. In E. coli and many γ-proteobacteria, a small protein called "Crl" was found to stimulate σ S -dependent transcription by promoting the formation of the σ S -RNAP holoenzyme (13, 14) . It was shown previously that the σ S -Crl interaction involves a general area on the surface of σ S including residues of Asp87, Asp135, Pro136, and Glu137 (15) . This general area corresponds to the attachment face of the NCR to the primary σ factors (Fig.  S2B ), suggesting that Crl might function like the NCR of a primary σ factor to help encompass the clamp helices and enhance the interactions of σ S with the core enzyme.
Promoter Recognition by E. coli σ S Factor. The E. coli σ S factor was shown to recognize the same consensus −35 and −10 hexamers as the σ 70 factor in an in vitro selection experiment (16) . The σ S -TIC structures show that σ S recognizes the -10 hexamer of the NT strand with specific interactions with the bases of the −7T and −11A residues in the same manner as the primary σ factors (Fig.  S2C) (5, (17) (18) (19) . It was suggested recently that the −10 T strand passes through a cleft between the σ 2 and σ 3 domains in an initiation complex (5, 17) , but it remained unclear how the −10 T strand interacts with the RNAP. The σ S -TIC structures suggest that the single-stranded T-strand residues −7 to −11 stack on each other inside the narrow tunnel formed by the σ 2 -σ 3 cleft and the β1 domain (Fig. 2B) . The DNA backbone appears to make extensive interactions with positively charged side chains from the β1 domain and the σ 2 and σ 3 domains, and the bases may form several hydrogen-bonding interactions with the σ S factor (Fig. S3 ), raising the possibility that the T-strand residues may contribute to the specific recognition of the −10 hexamer by the σ 70 family factors. Additional evidence is required to determine whether the −10 template region contributes to the promoter recognition.
The few differences between σ S and σ 70 in their interactions with the extended −10 region include residues Ile169 and Lys173 in σ S and the corresponding residues Val454 and Glu458 in σ
70
. It was reported that Lys173 is responsible for a preference of cytidine by σ S at the promoter −13 site (20) . Lys173 potentially could interact with the −13 base of the T strand, but a specific recognition could not be established at the current resolution.
In the σ S -TIC crystals shown here, the helix-turn-helix of the σ S C-terminal domain (σ 4 ) that potentially interacts with the promoter −35 hexamer, including helix H42 and the N-terminal half of helix H43, is involved in crystal packing, and thus there is no space to accommodate the −35 region of the promoter DNA duplex. Although σ S interactions with the promoter −35 element are not observed in the σ S -TIC crystals, the sequence and structural conservation and the shared recognition of promoter sequences suggest that the σ S and σ 70 factors would interact with the DNA promoters in a very similar manner. The protein concentration of the σ S factor in E. coli is tightly regulated at the levels of transcription, translation, and protein stability (23, 24) . During exponential growth in rich medium, the σ S protein level in E. coli is negligible, but when E. coli enters the stationary phase or under certain stress conditions the σ S protein level might increase by a thousand-fold and reach a level comparable to that of σ 70 . Easier access not only would provide the σ S -holoenzyme an advantage in competing for promoters in the heavily packed DNA during the stationary phase but also would justify the requirement of tight regulation of the σ S protein concentration under normal growth conditions. Stressed TICs. The σ
-TICs that we reported recently contain a complete transcription bubble and display a well-ordered nascent RNA-DNA hybrid lying at the pretranslocation position; we suggested that this pretranslocated hybrid may be a manifestation of the stressed feature of an initiation complex (5). Similar to the σ 70 -TICs, the σ S -TICs we report here also contain a complete transcription bubble and an RNA oligonucleotide synthesized de novo from NTPs, and the σ S -TIC structures display a pretranslocated RNA-DNA hybrid as well (Fig. 3) . Moreover, the active site of the σ S -TICs is fully closed by the folding of the trigger loop (TL) into helices (TH). Although the helical conformation of the TL in a pretranslocated transcription complex also might exist in our low-resolution σ
-TIC structures (5), it has never been observed previously in any other transcription complexes.
It has been shown that conformational changes of a flexible TL and the bridge helix (BH), which traverses across the active site cleft, remodel the active site of cellular RNA polymerases (1, 2, (25) (26) (27) ). An unfolded TL leaves the active site open to the secondary channel and thus allows NTP binding to the active site, whereas the folding of the TL into two α-helices (THs) closes the active site and helps align the incoming NTP with the RNA 3′-hydroxyl group and with a conserved histidine residue (β′His936 in E. coli RNAP) that serves as a general acid for catalysis (25, 27) . The BH stacks against the RNA-DNA hybrid and could bend or bulge toward the template base, which forms the basis of the BHcontrolled transcription translocation model (28, 29) . The TL folding has a profound effect on the rate of transcription (30) and is affected by the BH conformation (25, 27) . It was also suggested that transcription translocation might require an unfolded TL (31) .
In the stressed σ S -TIC, the BH displays a slight bending perpendicular to the translocation direction with a shift of about 3 Å around β′ residues 785-789 (Fig. S4A ). This small shift in the BH appears to create enough space to allow the TL to fold into helices. TH formation significantly reduces the dimensions of the secondary channel entrance to the active site, from about 15 × 12 Å in the RNAP apo holoenzyme to about 8 × 6 Å in the σ S -TIC (Fig.  S4B) , and thus even the dissociation of PPi might involve a concerted effort by the protein, involving more than amino acid side chain movements. Intriguingly, the phosphate of the RNA 3′-terminal residue appears not to interact directly with the metal ion (MeI) coordinated by the conserved carboxyl triad at the active center (Fig. 3A) . The electron density contoured at higher levels displays some discontinuity between the two terminal residues, and the linkage of the terminal phosphate (+3U) to the penultimate RNA residue (+2G) also appears to be significantly distorted at the sugar ring of the penultimate residue. This finding suggests that the σ S -TIC crystal might contain a mixture of initiation complexes, likely at equilibrium between the forward nucleotide addition reaction and presumably its reverse reaction, pyrophosphorolysis (32) (33) (34) .
Unreleased Pyrophosphate in the σ S -TIC Crystals. Because RNA polymerase adds nucleotides repetitively to the RNA 3′ end, one pyrophosphate ion is generated after each addition reaction. During this process, it is generally believed that the active site closes after NTP association and opens immediately after or concurrently with the dissociation of the PPi. For T7 RNA polymerase (T7RNAP), a PPi-associated complex has been obtained by supplementing the solution for crystallization with PPi; the PPi-bound and unbound states of T7RNAP were found to associate with the pretranslocation and posttranslocation states, which correspond to the closed and open conformations of the active site, respectively (35) . However, a PPi-associated structure has never been observed for the cellular RNA polymerases (Table S1 ). It was shown previously that translocation occurs shortly after or concurrently with PPi release (36) . However, how PPi release affects the opening of the RNAP active site and the translocation of the enzyme along the DNA template remains obscure.
The intrinsic abortive feature of transcription initiation would cause many rounds of oligonucleotide synthesis during the process of complex assembly and crystallization, and these multiple rounds of synthesis could lead to a significant accumulation of PPi in the crystallization drops that reaches a level comparable to or even exceeding the levels of NTPs. On the other hand, because of DNA scrunching, TICs are stressed and tend to rest at the pretranslocation state, a conformation clearly more favorable than others for PPi association. Not surprisingly, a well-ordered PPi remains associated with the σ S -TIC active site. The pyrophosphate in the σ S -TIC interacts via a metal ion (MeII) with the carboxyl group of β′Asp460, one of the conserved carboxyl triad of the active center, with the side chains of the TL residues β′Arg933 and β′His936, and with the side chains of βArg1106 and β′Arg731 that line as the secondary channel (Fig. 3B) . The observation that both the PPi and the phosphate of the RNA 3′-terminal residue interact with the side chain of β′His936 is consistent with the proposal that this conserved TL histidine residue is involved in both nucleotide addition and pyrophosphorolysis (25, 27) . It is not clear whether the position and the network of PPi interactions we observed here also represent those of the β-and γ-phosphates of an incoming NTP before nucleotide incorporation, although it is likely that they do (Fig. S5) . appear to be much less efficient in RNA synthesis. Soaking σ S -TIC crystals with CTP only (for a 1-nt extension) or with three NTPs (CTP, UTP, and GTP, for RNA extension of up to 3 nt) for 1 h did not result in noticeable nucleotide addition. RNA extension was observed only after NTP soaking for 2 h or longer. It remains unclear why the σ S -TIC crystals display such a low reactivity, but it is worth mentioning that the concentration of free Mg 2+ might be low during the soaking of NTP into the crystals.
Although soaking of the σ S -TIC crystals in solutions containing NTPs for 1 h did not lead to nucleotide incorporation, the two NTP soaking experiments led to similar, significant conformational changes in both the protein and the nucleic acid in the σ S -TIC crystals (Fig. 4) . Because the soaking solution contains no PPi, soaking leads to the release of the associated PPi as expected, and coordinately, the phosphate group of the RNA 3′-terminal residue shifts toward MeI and makes a more normal phosphodiester linkage with the penultimate RNA residue, suggesting that completion of the nucleotide addition reaction might require PPi release. Interestingly, it appears that there is no noticeable NTP binding to the NTP "entry site" that would overlap with the PPi-binding site (27, 37) .
E. coli RNA polymerase carries a large lineage-specific insertion, termed "sequence insertion 3" (SI3), in the middle of the TL (38) . This TL insertion of 188 amino acids could make a large shift around the secondary channel (39) and has been shown to affect E. coli transcription because it disfavors TH formation and stimulates pausing (40) . In all of the three σ S -TIC crystals described here, SI3 is expected to make similar contacts with symmetry-related molecules and contributes negligibly to crystal packing. However, a long hairpin loop in the C-terminal domain of SI3 projects into an intermolecular space and likely prevents SI3 from making large movements. The single most prominent conformational change on the σ S -TIC after NTP soaking appears to be that the normally disordered SI3 becomes ordered and visible in the electron density map. In this ordered conformation SI3 fills the gap between the lobe and jaw domains of E. coli RNAP and forms part of the wall that separates the primary downstream DNA channel and the secondary channel (Fig. 4A) .
In addition to SI3 becoming localized and ordered, the rim helices (β′ residues 650-703) on the edge of the secondary channel are rotated by about 7°toward the SI3-TH linkers (a shift of about 4 Å at the far end). At the same time, the F-loop (β′ residues 742-762) that interacts with both BH and TH makes a similar rotation to press on the SI3-TH linkers (Fig. 4B) . The conformational changes of the rim helices and the F-loop, which are likely induced by the release of PPi, appear to function together to tighten the SI3-TH linkers and to lock SI3 against the jaw domain with its cleft between two β-folds (Fig. S6) .
Because NTP soaking caused very limited changes to the crystal packing, it is likely that the significant conformational changes of SI3, the rim helices, and the F-loop are directly related to the release of PPi. After PPi dissociation, there appears to be a very minor shift (∼1-2 Å) at the C terminus of the first trigger helix (TH1) (Fig. 4C) , and the σ S -TIC remains at the pretranslocated position with a closed active site. (Table S1 ). Although structural studies could not be used as an evidence for thermodynamic analysis, the structural preference suggests that the posttranslocation state with an open active site might be the thermodynamically more favored state. However, in both the σ 70 -TIC and σ S -TIC crystals that contain a complete bubble, all the hybrids that we observed lie at the pretranslocation position, and the active site remains closed. It is likely that the structural preference seen in previous structural studies is a biased representation directly related to the substrate designs, which frequently involve DNA fragments lacking the upstream portion of the transcription bubble. Apparently, transcription complexes containing a complete transcription bubble to showcase the thermodynamic barriers for translocation would be of more biological significance, as we show here with the σ S -TICs. Intriguing questions are how fast PPi release happens and how PPi release is related to active site opening and transcription translocation. For T7 RNA polymerase, it was suggested that PPi release is directly coupled with active site opening and translocation (35) . For cellular RNA polymerases, PPi release was suggested to be a thermodynamically controlled quick process coupled to the RNAP conformational change that is associated with the binding of the next cognate nucleotide (32) . The NTP soaking experiment presented here displays release of PPi by the σ S -TIC crystals and shows that the active site of the σ S -TIC remains closed after PPi release. Although PPi release appears to be associated with a small shift at the C terminus of TH1 (Fig. 4C) , a movement that likely occurs during the unfolding of TH to TL, it causes neither active site opening nor transcript translocation. However, it is possible that a reversal of the observed conformational changes on the periphery of the secondary channel could be coupled to TL unfolding and active site opening.
Materials and Methods
Preparation and Crystallization of E. coli σ S -TIC. To form the σ S -TIC, we used a synthetic DNA scaffold corresponding to the promoter region between positions −38 and +12 relative to the expected transcription start site (Fig. 1A) . The synthetic promoter, which contains the consensus −35 and −10 hexamers and the extended −10 motif, was prepared by annealing the NT strand to an equal molar amount of the T-strand DNA that is complementary to the NT strand except for a 6-nt discriminator region (Fig. 1A) . The σ S -TIC was assembled by directly incubating the σ S -RNAP holoenzyme with a twofold molar excess of the preformed DNA promoter in buffer A [20 mM Tris (pH 7.5), 50 mM NaCl, 0.1 mM EDTA, 5 mM MgCl 2 ] at 37°C for 20 min in the presence of ATP, GTP, and UTP (2 mM each). This mixture then was used for crystallization at room temperature by vapor diffusion with a reservoir containing 18% (wt/vol) PEG 3350, 0.1 M NaCl, and 0.1 M Hepes (pH 7.8). After the crystals grew to full size for (for about 1 wk), they were cryo-protected in the mother liquor containing 15% (wt/vol) ethylene glycol before flash-freezing in liquid nitrogen. The σ S -TIC crystallizes in the orthorhombic P2 1 2 1 2 1 space group with one copy of the complex per asymmetric unit different from that of the σ 70 -TICs (5).
NTP Soaking for RNA Synthesis in the Crystal. The initially obtained σ S -TIC crystals containing an RNA tetranucleotide were soaked in the reservoir solution supplemented with either CTP only (for a 1-nt extension) or three NTPs (CTP, UTP, and GTP, for an RNA extension of up to 3 nt) (2 mM each) at room temperature for various time periods. The crystals then were cryoprotected and flash-frozen in the same manner as aforementioned.
Data Collection, Processing, and Structure Determination. X-ray diffraction data were collected at 100 K at the beamlines 24-ID-C and 24-ID-E at Argonne National Laboratory, Chicago, IL. All data were integrated and scaled with HKL2000 (41) . The structures were solved by molecular replacement with PHASER (42) using a structure of the E. coli σ 70 -TIC (5) as the starting model.
The molecular replacement solution was subjected to rigid body refinement with Refmac5 (43) using multiple rigid groups, and the phases were improved by density modification. The maps were improved further by temperature factor sharpening that allowed building the σ S factor and the nucleic acid models into the density using COOT (44) . After model building in Coot, 10 cycles of TLS (translation libration screw-motion) and restrained refinement were performed using Refmac5 (43) in the CCP4 suite (45) . Data collection and structural refinement statistics are summarized in Table 1 . All figures were created using PyMOL (46) .
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